The fitness cost of a resistance determinant is the primary parameter that determines its frequency in vivo. As a model for analysis of the impact of drug resistance mutations on the intracellular life cycle of Chlamydia spp., we studied the growth of four genetically defined spectinomycin-resistant (Spc r ) clonal variants of Chlamydia psittaci 6BC isolated in the plaque assay. The development of each variant was monitored over 46 h postinfection in the absence of drug, either in pure culture or in 1:1 competition with the parent strain. Spc r mutations in the 16S rRNA gene at positions 1191 and 1193 were associated with a marked impairment of C. psittaci biological fitness, and the bacteria were severely outcompeted by the wild-type parent. In contrast, mutations at position 1192 had minor effects on the bacterial life cycle, allowing the resistant isolates to compete more efficiently with the wild-type strain. Thus, mutations with a wide range of fitness costs can be selected in the plaque assay, providing a new strategy for prediction and monitoring of the emergence of antibiotic resistance in chlamydiae. So far, drug resistance has not been a serious threat for the treatment of chlamydial infections. Tetracycline is an effective antichlamydial drug that targets 16S rRNA. Attempts to isolate spontaneous tetracycline-resistant mutants of C. psittaci 6BC revealed a frequency <3 ؋ 10 ؊9 . We suggest that the rarity of genotypic antibiotic resistance among chlamydial clinical isolates reflects the deleterious effects of such mutations on the fitness of these obligate intracellular bacteria in the host.
r mutations in the 16S rRNA gene at positions 1191 and 1193 were associated with a marked impairment of C. psittaci biological fitness, and the bacteria were severely outcompeted by the wild-type parent. In contrast, mutations at position 1192 had minor effects on the bacterial life cycle, allowing the resistant isolates to compete more efficiently with the wild-type strain. Thus, mutations with a wide range of fitness costs can be selected in the plaque assay, providing a new strategy for prediction and monitoring of the emergence of antibiotic resistance in chlamydiae. So far, drug resistance has not been a serious threat for the treatment of chlamydial infections. Tetracycline is an effective antichlamydial drug that targets 16S rRNA. Attempts to isolate spontaneous tetracycline-resistant mutants of C. psittaci 6BC revealed a frequency <3 ؋ 10 ؊9 . We suggest that the rarity of genotypic antibiotic resistance among chlamydial clinical isolates reflects the deleterious effects of such mutations on the fitness of these obligate intracellular bacteria in the host.
Members of the genus Chlamydia are obligate intracellular gram-negative bacteria that cause a variety of diseases in animal species at virtually all phylogenic levels, from amphibians and reptiles to birds and mammals (11) . Contemporary differentiation distinguishes nine species, of which three are relevant to human medicine. Chlamydia trachomatis causes trachoma and urogenital infections; C. pneumoniae is one of the most common agents of atypical community-acquired pneumonia; and C. psittaci is the etiologic agent of psittacosis, a severe zoonotic pneumonia transmitted by birds. Individuals infected with chlamydiae exhibit a wide spectrum of responses, ranging from asymptomatic or paucisymptomatic to late-stage complications (11) . In addition, acute infections can progress to chronic diseases that constitute a major public health burden worldwide (1, 15) .
To date, there is no vaccine against human chlamydial infections, and antibiotic therapy remains the only line of defense available. However, acute infections treated with noncidal antibiotics can lead to the development of persistent, nonreplicating bacteria, with the corollary that these persistent chlamydiae can resist eradication by further antimicrobial treatment and cause chronic disease (for reviews, see references 19 and 21) . In addition, members of the family Chlamydiaceae are characterized by a biphasic developmental cycle of replication in which only one developmental form, named the reticulate body (RB), is fully metabolically active and thus sensitive to the antichlamydial antibiotics of choice, i.e., tetracycline (TET) or its derivatives, such as doxycycline, and macrolides, such as azithromycin and erythromycin. The second developmental form is the infectious but metabolically inactive elementary body (EB) that is endocytosed by a susceptible eukaryotic cell and resides within a cytoplasmic vacuole termed the inclusion, where it transforms into the RB. After replicating by binary fission, RBs transform back to the infectious form 18 to 48 h postinfection, depending on the species, before being released to the cell's exterior and starting new replicative cycles in neighboring host cells (49) .
Chlamydial infections are characterized by a high recurrence rate, despite appropriate drug therapy, yet clinical failures linked to real genotypic resistance due to chromosomal mutations have rarely been reported (43, 47) . This suggests that mutations that confer antibiotic resistance in chlamydiae are not selected in vivo. However, we have previously used the plaque assay to demonstrate that spontaneous mutations arise in vitro in Chlamydia spp. at a frequency similar to that in other eubacteria (8) . In particular, the frequencies of rifampin resistance are in the same range for C. trachomatis L2 and C. psittaci 6BC (i.e., 10
Ϫ7
), whereas the frequency of resistance to the ribosome-targeting antibiotic spectinomycin is related to the number of rRNA copies present in the strains:, i.e., 5 ϫ 10 Ϫ5 for C. psittaci 6BC, which harbors a unique rRNA operon, similar to C. pneumoniae, and Ͻ2.4 ϫ 10 Ϫ8 for C. trachomatis L2, which has two rRNA chromosomal copies.
Whether drug-resistant organisms persist in nature depends on both the likelihood that they will occur and their fitness relative to that of their drug-sensitive counterparts (4, 24) . One would expect a majority of rRNA mutations found in drugresistant organisms to be associated with a biological fitness cost, as they may induce a localized conformation change in assembled ribosomes and interfere with the efficiency of protein synthesis. However, screening for spontaneous antibiotic-resistant chlamydial variants in the plaque assay should select only for the fittest bacteria, as their isolation depends on their capacity for both growth and cell-to-cell transmission. Hence, we compared the growth, in the absence of selection, of four genetically defined clonal spectinomycin (SPC)-resistant (Spc r ) variants of C. psittaci 6BC originally isolated in vitro by plaque assay (8) with that of the susceptible parent strain either in pure culture or in competition. We found that the level of physiological burden on C. psittaci was dependent on the nature of the 16S allele expressed in the bacteria. Although specific mutations in 16S rRNA genes have also been associated with tetracycline resistance in Helicobacter pylori (12, 16, 45) and Propionibacterium acnes (38) , we were unable to isolate spontaneous variants of C. psittaci resistant to this antibiotic in a plaque assay. The implications of these results on antibiotic treatment of chlamydial infections are discussed.
MATERIALS AND METHODS
Bacterial strains and antibiotics. The bacterial strains used in this study are listed in Table 1 . Escherichia coli strain DH5␣ was used for cloning purposes. E. coli strains were grown in Luria-Bertani (LB) broth with aeration or on LB agar. Antibiotics (all purchased from Sigma) were added at the following concentrations when required: 100 g ml Ϫ1 ampicillin, 50 g ml Ϫ1 kanamycin (KAN), 7.5 g ml Ϫ1 tetracycline (TET), and 20 g ml Ϫ1 gentamicin. Various concentrations of SPC were used.
Propagation of C. psittaci and L2 cells. C. psittaci serovar 6BC was grown in mouse fibroblast L2 cells as described previously (8) .
Construction and testing of E. coli rrnC plasmid derivatives. pHKrrnC is a Kan r pBR322 derivative harboring the E. coli rrnC genomic region on a 8,465-bp PstI-BamHI fragment (5) . This insert was subcloned into pBAD18, an ampicillinresistant pBR322 derivative (18) , creating pRAK244wt. To generate a C3T mutation (Mut1) or a C3G mutation (Mut5) at base 1192 of the 16S rRNA gene of the rrnC operon or a A3G mutation (Mut2) or a G3C mutation (Mut6) at base 1191 or 1193, respectively, site-directed mutagenesis was performed with pRAK248, a pBluescript II SK(ϩ) (Stratagene) derivative harboring a 707-bp ApaI-XbaI fragment internal to the rrnC 16S rRNA gene. Complementary primers encompassing the sequence to be mutated and incorporating the required mutation (italicized) were designed for Mut1 (5Ј-GGAGGAAGGTGGGGA TGATGTCAAGTCATCATGG-3Ј and 5Ј-CCATGATGACTTGACATCATC CCCACCTTCCTCC-3Ј), Mut2 (5Ј-GGAGGAAGGTGGGGATGGCGTCAA GTCATCATGG-3Ј and 5Ј-CCATGATGACTTGACGCCATCCCCACCTTC CTCC-3Ј), Mut5 (5Ј-GGAGGAAGGTGGGGATGAGGTCAAGTCATCATG G-3Ј and 5Ј-CCATGATGACTTGACCTCATCCCCACCTTCCTCC-3Ј), and Mut6 (5Ј-GGAGGAAGGTGGGGATGACCTCAAGTCATCATGG-3Ј and 5Ј-CCATGATGACTTGAGGTCATCCCCACCTTCCTCC-3Ј). pRAK248 variants carrying these nucleotide substitutions could be selected by restriction analysis because the mutation generated destroys a unique AatII restriction site. The presence of the mutation in the selected plasmids was subsequently confirmed by DNA sequence analysis. Finally, the 16S mutant alleles were excised from the corresponding plasmids by cleavage with ApaI and XbaI and inserted into pRAK244wt, from which the ApaI-XbaI fragment was removed, resulting in plasmids pRAK252mut1, pRAK253mut2, pRAK329mut5, and pRAK356mut6.
The functionality of the 16S alleles in rrnC was studied in the E. coli strains AVS69009, in which all seven chromosomal rrn operons have been deleted (⌬7 prrn) and which expresses the plasmid-encoded E. coli rrnC operon exclusively, and JM109. Replacement of pHKrrnC in AVS69009 with pRAK244wt, pRAK252mut1, pRAK253mut2, pRAK329mut5, and pRAK356mut6 was performed as described by Asai et al. (5) .
The effect of the incubation temperature on colony formation is expressed as plating efficiency, which is defined as the ratio of the colony formation at 37°C or 41°C to the colony formation at 30°C, as determined in the following way. Stationary-phase JM109 or AVS69009 transformants grown at 30°C in LB broth in the presence of the appropriate antibiotics were normalized to an optical density at 600 nm equivalent of 0.4. Bacteria were serially diluted in sterile BSG (150 mM NaCl, 2 mM KH 2 PO 4 , 4 mM Na 2 HPO 4 , 0.01% gelatin). For each dilution, aliquots of 100 l were plated on LB agar plates with antibiotics; and two plates for each dilution were incubated at 30°C, 37°C, and 41°C for 28 h and 44 h for JM109 or AVS69009 derivatives, respectively, before the colonies were counted. The diameters of 15 random colonies were determined with a magnifying glass with graduations of 0.1 mm (7ϫ PEAK Scale Lupe) for each strain at each temperature. Dunnett's test was performed with Prism 3.0 software (GraphPad Software, Inc., San Diego, CA) to compare the phenotypes obtained with the mutant alleles to those of the strains expressing the wild-type allele. The size index was defined as the size obtained at the same incubation temperature for each 16S allele compared to the size obtained with the wild-type allele expressed Real-time PCR was performed in triplicate for each time point with an ABI Prism 7000 sequence detection system (Applied Biosystems) by using 1ϫ SYBR green PCR master mixture (Applied Biosystems) in a 25-l reaction volume containing 300 nM of specific bacterial or eukaryotic primers. C. psittaci primers were selected from the 16S rRNA gene, primers RT1 (5Ј-ACCCTAAGTGTT GGCAACTAACG-3Ј) and RT2 (5Ј-TTTCCGCAAGGACAGATACACAG-3Ј), which amplify a 118-bp fragment only from total DNA from infected cells. Mouse-specific primers were selected from the Mus musculus hypoxanthine guanine phosphoribosyl transferase (hprt) mRNA sequence (GenBank accession number BC004686), primers RT3 (5Ј-TTGCTCGAGATGTCATGAAGGA-3Ј) and RT4 (5Ј-AGCAGGTCAGCAAAGAACTTATAGC-3Ј), which amplify a 90-bp fragment absent from the C. psittaci genome. Cycling parameters were 95°C for 10 min to activate the DNA polymerase and then 40 cycles of 95°C for 15 s and 60°C for 1 min, with a final recording step of 60°C for 20 s. Melting curve analyses were performed with Dissociation Curves software (Applied Biosystems) to ensure that only a single product was amplified.
Relative standard curves were designed by using serial dilutions of total DNA obtained from the C. psittaci wild-type strain at 43 h p.i. (ii) Pairwise competition experiment. C. psittaci 6BC wild-type cells and each Spc r variant were coinfected at a ratio of ϳ1:1 to an MOI of 1 in 60-mm 2 dishes containing confluent mouse fibroblasts and incubated at 37°C in 5% CO 2 . After 2 h of infection, the inoculum was removed. The cells were washed twice with DMEM and incubated in DMEM supplemented with 10% FBS, 1ϫ MEM nonessential amino acids, and 2 g of cycloheximide per ml. EBs were harvested in triplicate after sonication of the infected cells at 4 h p.i., 10 h p.i., and every 3 h afterwards up to 46 h p.i. and stored at Ϫ80°C in 200 l SPG (250 mM sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid). Subsequently, EBs were harvested in duplicate after sonication of the infected cells at 19, 24, 29, 34 , and 46 h p.i. Approximately 5 ϫ 10 6 infectious particles from the mixed infection at 46 h p.i. were passed a second time into fresh 60-mm 2 dishes, allowed to grow for another 46 h, and harvested as described above. The titers of serial dilutions of each harvest were determined in duplicate in the plaque assay in both drugfree (total PFU) and drug-containing DMEM (Spc r PFU). The plaques were counted after 10 days of incubation, as reported previously (8) . The plating efficiency of each resistant mutant was unaffected by the presence of SPC. Similarly to the DNA accumulation assay, the twofold PFU increase rate was estimated from a plot of ln (PFU) ϭ f (time), where the slope is ln 2/twofold PFU increase rate (h). The relative fitness is the ratio of the twofold PFU increase rate for the wild type to the twofold PFU increase rate for the mutant. The competition index was defined as the ratio of the output mutant-to-wild type ratio to the input mutant-to-wild type ratio (14, 26) . The final competition index is the competition index determined at 46 h p.i. for each passage related to the initial input mutant-to-wild type ratio.
Titration, antimicrobial susceptibility, and isolation of chlamydial mutants by plaque assay. The susceptibility of C. psittaci 6BC to TET was examined in a plaque assay (8) . The MIC was defined as the drug concentration that inhibits the development of 10 5 chlamydial PFU in a confluent L2 monolayer in a 60-mm 2 dish (8). To isolate spontaneous drug-resistant variants, 60-mm 2 dishes were infected with 10 7 to 10 8 PFU (MOI, 1 to 10) and the drug was added at 2 h p.i. at a concentration high enough to inhibit the cytotoxicity associated with this inoculum size.
RESULTS
Phenotype conferred by the chlamydial Spc r alleles in E. coli. In a previous study (8) , we have isolated, by plaque assay in the presence of spectinomycin, 59 clonal variants of C. psittaci 6BC and characterized four independent mutations in the unique 16S rRNA gene that are associated with resistance of the organisms to the antibiotic (Table 2) . Whereas the two mutations found in BC0E1 and BCS18 at position 1192 (by use of the E. coli numbering system) have been previously isolated in other Spc r bacteria, mutations at position 1091 and 1093 found in BC0A2 and in BCS34, respectively, have been described only in Spc r chloroplasts of Chlamydomonas reinhardtii (http://server1.fandm.edu/departments/Biology/Databases /16SMDBexp.html). Phylogenetic and genomic analyses have linked members of the family Chlamydiaceae with the cyanobacterial and chloroplast lineage (10) . The 16S2 and 16S4 Spc r alleles in C. psittaci would strongly strengthen this proposed linkage if they did not impart the same phenotype to bacterial species that are evolutionarily distant from chloroplasts, such as E. coli. Thus, each of the four mutant 16S alleles The five plasmids were then separately introduced into two different E. coli strains for analysis. JM109 contains the full complement of seven rRNA operons, while AVS69009 expresses only one rRNA operon, encoded by pHKrrnC (5). All five plasmids, pRAK244wt, pRAK252mut1, pRAK253mut2, pRAK329mut5, and pRAK356mut6, displaced the kanamycinresistant pHKrrnC, indicating that homogeneous ribosome populations containing rRNA from the mutant 16S1, 16S2, 16S3, and 16S4 alleles, respectively, were functional in E. coli. In addition, AVS69009 variants expressing each mutant allele were more than 500 times more resistant to SPC than the strain expressing the wild-type allele, with the MICs being greater than 5.12 mg/ml, whereas they were 10 g/ml for the wild-type parent (Table 2) . Similarly, each allele except 16S4 conferred a high level of SPC resistance to the wild-type E. coli strain, with the MICs being greater than 5.12 mg/ml for JM109 cells transformed with pRAK252mut1, pRAK253mut2, or pRAK329mut5, whereas the MICs were 20 g/ml for pRAK244wt. On the other hand, pRAK356mut6 conferred spectinomycin resistance to E. coli only in the AVS69009 strain but not in the context of the seven wild-type rRNA chromosomal copies in JM109, indicating that the resistance phenotype associated with the 16S4 allele was recessive and required homogeneous populations of ribosomes for expression in organisms.
As reported earlier (28), we did not observe any serious growth defect associated with the expression of the 16S1 or the 16S3 allele in E. coli (P Ͼ 0.05). On the other hand, E. coli transformed with the 16S2 (ATM681 and ATM694) or 16S4 (ATM772 and ATM774) Spc r alleles formed much smaller colonies on nonselective agar plates, especially at 30°C (P values Ͻ 0.001), indicating slower growth characteristics (Fig. 1) . The plating efficiency was similar for all strains except the AVS69009 cells harboring pRAK253mut2. Indeed, the numbers of colonies for the latter variant at 41°C and 37°C were 0.36% and 5.9%, respectively, the number determined at 30°C, indicating some degree of thermosensitivity (data not shown). Interestingly, the surviving colonies appeared to be the fast growers in the ATM694 population (Fig. 1) . Thus, both "chloroplastic" 16S2 and 16S4 mutant alleles were associated with reduced fitness in E. coli.
Fitness of C. psittaci 6BC carrying the Spc r 16S alleles. To be able to survive in a natural environment, a bacterium carrying the mutated allele must compete with the wild-type ancestor bacterial population. The outcome of the competition process depends on its relative fitness, defined as the efficiency of multiplication of the mutant cell compared with that of the wild-type ancestor strain (4). The growth of wild-type C. psittaci and the four Spc r variants, BC0E1, BC0A2, BCS18, and BCS34, was first monitored in the absence of SPC throughout one developmental cycle for 46 h by real-time PCR to determine the fold change in the amount of chlamydial DNA relative to that at a starting point of 2 h p.i. As seen in Fig. 2 , all five C. psittaci 6BC strains displayed the expected sigmoid-shaped growth curves, but differences between the variants were noted. The initial lag phase of the growth curves, which corresponded to the transition phase between infectious EBs and replicating RBs, was delayed for each mutant, from FIG. 1. Growth of E. coli strains expressing different 16S alleles. Strain JM109 and ⌬7 prrn strain AVS69009 were transformed with pBR322 derivatives harboring the E. coli rrnC operon carrying either the wild-type or mutant allele. These strains were compared for growth on nutrient agar at 30°C, 37°C, and 41°C by using Dunnett's statistical tests. Growth is expressed as colony size index (average size obtained for a strain with the Spc r 16S alleles divided by the average size obtained with the same strain expressing the wild-type allele at the same temperature). ‫,ء‬ P Ͻ 0.001 by Dunnett's multiple-comparison test; #, P Ͻ 0.05 by Dunnett's multiple-comparison test.
4458
BINET AND MAURELLI ANTIMICROB. AGENTS CHEMOTHER.
on June 26, 2017 by guest http://aac.asm.org/ about 3 h for the strains harboring the 16S1 or 16S2 alleles to more than 9 h for BC0A2 and BCS34 with the "chloroplastic" 16S2 and 16S4 alleles (Table 3) . However, BCS34 growth was not as affected in the exponential phase of the curve in which the RBs both multiply by binary fission and convert to EBs. Consequently, the total DNA accumulation at the end of the cycle was in the same order for BCOE1, BCS18, and BCS34. BC0A2 DNA replication was so impaired during the entire developmental cycle that this strain accumulated less than half the amount of DNA seen for the parent strain (Fig. 2) . The fitness of each mutant was calculated relative to that of the parent, for which a fitness value of 1 was assigned based on chlamydial DNA doubling time (Table 3) . Interestingly, the doubling time of BC0E1 was similar to that of the wild-type strain, indicating that the C 1192 U mutation in the 16S rRNA was not associated with any strong growth defect in C. psittaci 6BC. Whereas the relative fitness values of BCS18 and BCS34 were about 0.90, the one for BC0A2 was 0.64, indicating that a physiological cost was associated with the A 1191 G mutation in the chlamydial 16S rRNA. This suggested that the chlamydial variants carrying the 16S1, 16S2, or 16S4 Spc r allele could compete more efficiently than BC0A2 (16S3) in a coinfection with the wild-type SPC-sensitive parent.
Pairwise competition between the C. psittaci 6BC wild type and the Spc r variants. Wild-type C. psittaci 6BC and the BC0E1 variant were first coinfected at a 1:1 ratio in L2 monolayers in the absence of drug and then harvested from cells at 4 h p.i., 10 h p.i., and every 3 h afterwards up to 46 h p.i.; and titers were determined in the presence or absence of SPC by plaque assay (8) . This assay uses the ability of the bacteria to lyse the host cells and form plaques resulting from the infection and spread of a single EB over several successive infection and development cycles. In some aspects, a chlamydial plaque can be seen to be similar to a bacterial colony on an agar plate in which each plaque or colony represents a clonal bacterial population that can be purified and expanded. The infectivity curve generated indicated that for up to 19 h p.i., the number of infectious particles decreased, representing the "eclipse" phase, in which infectious progeny EBs have differentiated into noninfectious RBs (data not shown). After this time, the number of infectious particles increased as RBs replicated and started differentiating back into EBs. Consequently, in subsequent competition assays the first sample was harvested at 19 h p.i. to limit our analyses to the exponential and stationary phases of the infectivity curve. Figure 3 shows that, as seen with the lag phase on the DNA accumulation curve, the eclipse phase lasted longer for the two variants harboring the "chloroplastic" mutations, indicating a delay in the RB-to-EB transition. Yet, the twofold PFU increase rate during the exponential phase was severely affected only for BC0A2, for which it was two times slower, i.e., 1 h versus 32 min, 30 min, 35 min, and 28 min for BC0E1, BCS18, BCS34, and the wild-type strain, respectively (Table 3) . Consequently, the relative fitness for BC0A2 (0.47) was also lower than those for BC0E1 (0.87), BCS18 (0.92), and BCS34 (0.79), thus following the same pattern as observed previously with the DNA accumulation curves.
Whereas the infectivity curves reached a plateau at 34 h p.i. for most strains, BC0A2 continued to generate EBs until late in the developmental cycle (Fig. 3) . This is reflected in the competition index, defined as the ratio of the output mutantto-wild type ratio to the input mutant-to-wild type ratio (Table 4) . Whereas the wild-type strain produced as many as 1,000 times more EBs than BC0A2 at 24 and 29 h p.i., the difference was reduced to only 10-fold at 46 h p.i. However, the extended eclipse phase for both BC0A2 and BCS34 was followed by a decline in the total production of infectious particles; and although the competition index calculated during the developmental cycle for BCS34 did not fluctuate as much as that seen with the BC0A2 variant, both variants were clearly outcompeted by the wild-type strain, with final competition indices of 0.058 and 0.0096 for BCS34 after one and two developmental cycles, respectively, and competition indices of 0.067 and 0.0045 forBC0A2 after one and two developmental cycles, respectively. On the other hand, the mutations at position 1192 in the 16S rRNA were not associated with a strong growth defect in C. psittaci 6BC, as the final competition indices were 0.68 and 0.36 for BC0E1 at the end of the first and second rounds of competition with the parent strain, respectively, and 0.81 and 0.71 for BCS18 at the end of the first and second rounds of competition with the parent strain, respectively.
Frequency of spontaneous mutations conferring tetracycline resistance in C. psittaci 6BC. Chlamydial infections are often treated with tetracycline and its derivatives because these antibiotics are effective, are relatively inexpensive, and have low toxicities (37) . Because mutations in the 16S rRNA have been associated with tetracycline resistance in H. pylori (12, 16, 45) as well as in cutaneous propionibacteria (38), we hypothesized that similar mutations could be selected in the unique ribosomal operon of C. psittaci 6BC. As expected, C. psittaci 6BC was very sensitive to the antibiotic, with an MIC of 40 ng/ml (Table 5 ). However no Tet r plaques were ever detected in the plaque assay. Therefore, the frequency of spontaneous Tet r mutation for this species was below the limit of detection, i.e., Ͻ3 ϫ 10 Ϫ9 .
DISCUSSION
At present, treatment failures following the appearance of mutations that confer antibiotic resistance have not been of great concern for chlamydial infections (43, 47) . However, the acquisition of drug resistance in chlamydia by horizontal gene transfer has been suggested by the identification and characterization of a tetracycline-resistant strain of C. suis (13) . In addition, studies in the laboratory have shown that mutations that result in the overexpression or alteration of the inhibitor target are associated with drug resistance in chlamydiae, similarly to other bacteria (43) . Whether drug-resistant organisms persist in nature depends on their likely occurrence as well as their fitness relative to that of their drug-sensitive counterparts. We have recently shown that spontaneous mutations arise in vitro in C. psittaci 6BC and C. trachomatis L2 at frequencies similar to those in other eubacteria (8) . Nevertheless, we still lack knowledge on the impact of drug-resistant mutations on the chlamydial life cycle. The objectives of the present work were to identify phenotypic changes that occur as a result of mutations in the 16S rRNA associated with Spc r in C. psittaci 6BC.
SPC resistance arose in C. psittaci 6BC from single mutations in the upper stem of the phylogenetically conserved helix 34 of 16S rRNA, mainly at position 1192 (by use of the E. coli numbering system), which has been directly implicated in the ability of the antibiotic to bind to the ribosome (8, 9) . Surprisingly, alterations in the neighboring nucleotides at positions 1191 and 1193 conferred SPC resistance in C. psittaci 6BC, although similar mutations have been described previously only in Spc r chloroplasts. Introduction of the "chloroplastic" alleles in E. coli incurred a biological cost, as the recombinant bacteria formed small colonies on agar plates, possibly caused by a reduction in protein synthesis efficiency. Nevertheless, expression of the A 1191 G and G 1193 C mutations in E. coli gave rise to Spc r . This suggests that the small number of rRNA operons, i.e., one in C. psittaci and two in Chlamydomonas chloroplasts (30) , rather than the proposed phylogenetic relationship between the two organisms (10) was responsible for the recovery of such mutants. In addition, expression of the SPC resistance phenotype in E. coli was codominant with the A 1191 G mutation, similarly to changes at position 1192, but recessive with the G 1193 C alteration. This explains why spectinomycin resistance due to the G-to-C mutation at position 1193 has been found only in C. psittaci so far. A similar recessivity of the phenotype has been reported for aminoglycoside resistance due to mutations in the 16S rRNA gene at position 1408 (36) .
The definition of fitness includes a microorganism's ability to survive, reproduce, and be transmitted (3, 24) . Chromosomal mutations that impair essential functions in bacterial physiology or that confer metabolic burdens often have deleterious effects on bacterial fitness, resulting in reduced growth, impaired virulence, and poor survival. However, one would predict that the obligate intracellular nature of an organism such as Chlamydia would impose greater restrictions on the type of mutations that can be recovered compared to those that can be recovered from free-living organisms, as isolation of chlamydial variants by plaque assay depends on both growth and cellto-cell transmission (8) . To test these predictions, we examined the growth characteristics of each chlamydial variant in pure culture and in competition with the parental SPC-sensitive strain. Because the development of chlamydiae alternates between a replicative but noninfectious form, the RBs, and the nonreplicative but infectious form, the EBs, growth curves were generated based on either the accumulation of bacterial DNA (RBs and EBs) or bacterial infectivity (EBs) over 46 h. It is worth noting that as the competition experiments were initiated at an MOI Ͻ1, each infectious particle should develop in a unique inclusion, in a unique cell. Consequently, the competing strains should not affect each other but compete only by their intrinsic growth rate and efficiency in utilizing the available nutrients.
As seen for other members of the family Chlamydiaceae, the life cycle of the C. psittaci 6BC wild-type strain was characterized by four major phases (49) . The first 8 h correspond to the attachment, entry, and reorganization of EBs to RBs. Then, from 8 to 19 h p.i., RBs divide by binary fission, with a doubling every 1.8 h (Table 3) . By comparison, C. trachomatis RBs (6, 33, 41, 46) . Although mutations in rRNA primarily affect bacterial translational ability, indirect consequences on DNA replication can be expected. Three different growth patterns were observed among the chlamydial variants. (i) The development of both BC0E1 and BCS34, which carry a mutation at position 1192, was similar to that of the parental strain, except for an initial delay in DNA replication. (ii) The growth of BCS34, which harbored the C 1193 G alteration, showed an additional delay in the production of EB. (iii) The A 1191 G alteration in BC0A2 seriously slowed down the formation of both RBs and EBs throughout the entire developmental cycle, resulting in the production of 10 times fewer infectious particles at 46 h p.i. The 16S rRNA helix 34 appears to be involved in peptide chain termination and translation accuracy; and nucleotides at positions 1191, 1192, and 1193 interact directly with positions 1065, 1064, and 1063, respectively (9). Thus, it seems that mutations that disrupt the base pairing at position 1191 or 1193 have more severe consequences on the physiology of the bacteria, likely due to the destabilization of helix 34. This was reflected in the relative fitness and competition index, as the ranking of the strains was wild type Ͼ C 1192 G Ͼ C 1192 U Ͼ G 1193 C Ͼ A 1191 G. Interestingly, the biological costs imparted by expression of the various 16S alleles were alike in E. coli and C. psittaci, thus reflecting the similar role that nucleotides phylogenetically conserved in rRNAs play in bacterial physiology and in ribosomal function in particular.
Antibiotic-resistant mutants selected in vivo tend to be ones that display low or no fitness cost when assayed in vitro. For example, the high frequency of clinical isolates of Mycobacterium tuberculosis with the rifampin resistance-associated Ser 531 -to-Leu mutation in the ␤ subunit of RNA polymerase is correlated with the low fitness cost conferred by the mutation to the bacterium, i.e., average competition index of 0.84 in vitro (7, 29) . By contrast, the streptomycin resistance-associated G 524 C mutation in the 16S rRNA gene of mycobacteria is most frequently found in the laboratory but never in clinical isolates. This mutation results in a greater than 30% growth disadvantage per generation relative to that of the streptomycin-sensitive parental strain (40) . We observed that both BCS34 and BC0A2 were severely outcompeted by the parental strain in the plaque assay, and we predict that they would not be maintained in vivo. On the other hand, BC0E1 and BCS18 were able to compete with the wild-type strain more efficiently and could likely persist longer than BCS34 and BC0A2 in the environment.
Tetracycline and its derivatives, such as doxycycline, have been some of the first drugs used for the treatment of chlamydial infections. Stable tetracycline resistance apparently acquired by horizontal gene transfer has been described only for C. suis, a pig pathogen (13) . On the other hand, the tetracycline resistance reported for clinical isolates of C. trachomatis is unstable and has not been characterized at the molecular level (22, 23, 42) . Tetracycline binds reversibly to the prokaryotic 30S ribosomal subunit similarly to spectinomycin. Given the conservation in structure and function of ribosomes, rRNA mutations that confer antibiotic resistance generally produce the same resistance phenotype in different bacterial species. Although C. psittaci 6BC Spc r variants arose at a frequency of 5 ϫ 10 Ϫ5 in vitro (8) , the frequency of the spontaneous Tet r mutation for C. psittaci 6BC was below the limit of detection, i.e., Ͻ3 ϫ 10 Ϫ9 . However, specific mutations in the 16S rRNA gene have been associated with Tet r . For example, a G-to-C mutation at E. coli equivalent base 1058 within helix 34 of the 16S rRNA has been associated with Tet r in clinical isolates of P. acnes, the causative agent of acne vulgaris. Expression of this mutation in E. coli JM109 confers a twofold increase in tetracycline resistance and is not associated with any strong growth defect (38) . In clinical isolates of H. pylori, high-level tetracycline resistance has been attributed to the triple-basepair substitution of AGA 926-928 to TTC within both copies of the 16S rRNA gene, whereas low-level resistance is associated with single-and double-base-pair mutations in the exact same region (12, 16, 45) . Interestingly, most eubacteria show the nucleotides TGC at the equivalent positions (positions 965 to 967 in E. coli numbering), suggesting that the G 966 -to-T single point mutation could confer high-level tetracycline resistance to these organisms. Our inability to isolate Tet r plaques for C. psittaci 6BC suggests either that the G 1058 C and G 966 T mutations do not confer resistance in chlamydiae or that they impose a significant burden on chlamydial fitness. Such species-specific bias for drug resistance mutations have been reported for other ribosome-targeting antibiotics, including linezolid (39) and macrolides (35) .
In conclusion, the data presented in this study clearly demonstrate that Spc r -mediating mutations within the 16S rRNA cause a range of phenotypes that show from subtle to marked impairment of the biological fitness in C. psittaci 6BC and reveal distinct competitive growth disadvantages of the resistant strains compared to the growth of a clonally related susceptible strain in vitro. The fitness cost associated with resistance mutations could explain why drug resistance has not been a serious threat for the treatment of chlamydial infections so far. Nevertheless, partial azithromycin resistance resulting from alterations in the 23S rRNA has recently been reported for C. trachomatis clinical isolates. It appeared that the resistant populations were genetically heterogeneous and unstable, suggesting that the mutations incurred a strong fitness cost (32) . However, the adverse effects of mutations can sometimes be reduced by the acquisition of second-site compensatory mutations (24, 27) . Frequent intermittent antimicrobial treatments as a consequence of recurrent infections, repeated mass therapy currently in place to control trachoma in countries where it is endemic (31), and experimental long-term prophylactic treatment for coronary heart disease (2, 17) might select for compensatory mutations that adapt chlamydiae to the costs of chromosomal resistance. The fitness experiments reported here were performed with newly isolated organisms that had no opportunity for compensatory adaptation. We are currently investigating if mutations that ameliorate the fitness cost of the A 1191 G mutation can be selected in C. psittaci 6BC. This would provide additional information on the long-term stability of the resistance phenotype. Moreover, in the absence of a genetic system for chlamydiae, spontaneous antibiotic-resistant mutants presenting a high fitness cost might be our strongest candidates for a live attenuated vaccine at this time (25, 44) .
